omr

UAH Research Report No. 155!

A THEORETICAL MODEL OF THE WAVE PARTICLE
INTERACTION OF PLASMA IN SPACE

by

S. T. Wu and R. J. Hung

Final Technical Report

'This research work was supported by

the National Aeronautics and Space Administration

George C. Marghall Space Flight Center
Contract NAS8-29501

The University of Alabama in Huntsville
School of Graduate Studies and Research
P. 0. Box 1247
Huntsville, Alabama 35807

June 1974

ﬁﬁNASA-CR-?ZOH??) A THECRETICAL MODEL OF

| _ . . N74~-32
%THE WAVE PARTICLE INTERACTIOHN OF PLASHA Rl
iN SPACE Final Technical Report

i{Alahama Univ., Huntsville.} 52 p HC Unclas
$5.75 CS5CL 201 G3,/25 47296 _




UAH Research Report No. 155

A THEORETICAL MODEL OF THE WAVE PARTICLE
. INTERACTION OF PLASMA IN SPACE

by

S. T. Wu and R. J. Hung

Final Technical Report

This research work was supported by
the National Aeronautice and Space Administration
George C. Marshall Space Flight Center
Contract NAS8-29501

The University of Alabama in Huntsville
School of Graduate Studies and Research
P. 0. Box 1247
Huntsville, Alabama 35807

June 1974



TABLE OF CONTENTS

Chapter

IT.

III.

IV.

ACKNOWLEDGEMENT
SUMMARY
INTRODUCTION

FORMULATION OF THE PROBLEM
II-1 Basic Parameter
II-2 Governing Equations

METHOD OF SOLUTION
ITI-1 General Procedure
1II-2 Derivation of Dispersion Relations

MAGNETOSPHERIC HYDROMAGNETIC TINSTABILITIES

v-1 Introduction

Iv-2 Criteria for Mirror and Fire-Hose
Instabilities

Iv=3 Instabilities Under the Magnetospheric
Conditions '

CONCLUSIONS AND RECOMMERDATIONS
REFERENCES

FIGURE CAPTION

32
32

34

37



ACKNOWLEDGEMENT

This work waé supported by ﬁhe National AgrOnautics and Space
Administration, Marshall Space Flight Center, under Contract No. NAS8-29501,
with thé-technical coordination of Dr. R. E. Smith and Gary R. Swenson of
the Spaée Environment Branch/Aeronﬁstronauticé Lab. Their encouragement
and consultation during the course of this study are highly appreclated.

The manuscript is typed by Mrs. Carcl Holladay. ‘Her patient and

skillful typing were essential in bringing this report to the present form.



SUMMARY

The investigation of the d?namics of global atmospheric disturbances
is essential for the understanding and control of the earth's enviromment. A
theoretical model based on the kinetic theory for the perturbation of plasma
in tﬁe magnetosphere is proposed to study the oBserved disturbances which
are caused by both natural and artificial séurces that generate wave—like
perturbatidns propagating around the globe. The proposed model cévers the
wave propagation through a media of traﬁsitional (from collisional to
collisionléss) fully ionized magnetoactive plasma. In the present study, we
have presented a systematic formulation of the problem and the method of
solution for the transitional model of magnetosphere is discussed. Finally,
the possible emission of_hydromagnetic waves in the magnetosphere during

the quiet and disturbed time are also discussed.
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CHAPTER I

INTRODUCTION

The dynamical behavior of the magnetospheric'disturbances is
essential for the understanding and control of the earth’'s environment.
In particﬁlar, accurate information about global atmospherié disturbances
is required for the design and operation of satellites, space shuttle and
space laboratqry, for improved communications and weather prediction, and
for monitoring and controlling earth resources, all of which are closely
related tolthe improvement of our living conditions.

The observed disturbances are caused by bﬁth natural and
artificial sources which generate wave-like perturbations that propagate
through the magnetosphere. Wave-like phenomena caused by natural sources
refer to disturbances induced by non-man-made sources éuch as solar flarés,
solar wind, and particle precipitations. The wave~like phenomena caused
by artificial sources refers to man-made disturbance such as nuclear
explosions, radio wave propagation, space vehicle, roéket launches, ete.
The purpose‘of the present research is to seek a systematic investigation
of the wave~like disturbances generated by either matural sources or
artificial sources which originate in the magnetosphere. In particular,
it 1s of considerable interest to study how waves are generated and behave
and how the wave-like disturbances are dissipated.

In general, propagation of waves or wave-like disturbances is
modified by transport phencmena due to Coulomb collisions. Collisiongl

effect can vary from region to region in the medium (i.e., fully ionized



plasma) of interest. In particular, waves of a given.period may see one
region of a medium as collisionless (in the sense that the wave period is
short compared with Coulomb collision time) and another region df the

. medium.as‘collision—dominated. When a wave propagates upwardijtthe iono-
éphere, the Coulomb cellision frequency décreases.‘ Thus, for the wave or
wave-~like disturbances of a given period, transition from collisioﬁ to
collisionless behavior may take place.

Transport coefficients of Coulomb collisions are greatly modified
by magnetic fields. Thus, when the waves or wave-like disturbances propa-
gate in a magneto—~active plasma, the following modification should be con-
sidered (Braginskii, [1]);

(1 Qi/ve_ (

field.

ion gvrofrequency
electron collision frequency

) >>1; strong magnetic

{a) For the case of waves propagating transverse to magnetic
field (g), the magnetic field strongly modifies thermal
conduction and viscosity.

{b} For the case of waves propagating parallel to the
magnetic field, there is no effect on transport
coefficients.

(2) 2{/ve < <€ 1; weak magnetic field

In this case, the magnetic field does not modify the trénsport

coefficients for waves propagating either transverse or

parallel to the magnetic field.



(3 Qi/Ue ~ 1
In this case, the modification of tramsport coeff;cignts
is very complicated. Tt needs a full solution of the
kinetic equation with magnetic field effects.
In this investigation, we shall present a systematic transitional
model for the studying of propagation of waves or wave-like disturbaﬁces in
the magnetosphere. The model is based on the kinetic theory, and the method

of solution is followed by the work givenby Hung and Barnes [2], [3], and [4].



CHAPTER II

FORMULATION OF THE PROBLEM

I7-1 Basic Parameter

As we haye discussed in Chapter I, the behavior of wave-like
disturbance propagation is modifie& by transport phenomena due to Coulomb
collisiomns, and the collision effects are determined by the ratio of the
collision-freguency to the wave-fregquency (v/w). Suppose that an obseryer
fixes his system of inertia coordinates with a wave of a given wave-
frequency w, and observes another moving coordinate system fixed with a
coordinate system with the collision frequency v. The observer in the
coordinate system w reaches the conclusions concerning the particles motion
as follows:

(1) ﬁhen w << v, particle motion is a continuous motion,

(2 when w ~ v, particle motion is in transition from continuum

to discrete motion,

{3 when w >> v, particle motion is resembling as discrete motion.

From the above mentioned facts, we may classify case (1) as being
collision-dominated; case (2) as being transitional from collisional to
callisionless; and case {3) as being collision-free. Thus, for studying
the dynamies of wave-like disturbances of a given peried, it is obvious
that the selection of appropriate physical models depends on the ratio of
coliision?frequency to wave-fréquency (v/w). Therefore, the basic parameter

for studying such a problem will be v/w.



In the magnetosphere, the collisien time for electron and ion can

be calculated from

_3.5x10% %37

‘ 1-1
T, N 2% o (sec) ‘ ( )
1/2 3f2 | ‘
7 m, T.
r, = 3:.0x10 1 ' i (sec) (1-2)
1 A 2my, 2% n4 o

with my and Z being the proton mass and atomic number of ion, n and A are
defined as
n=mn, = Zn4 . (1-3)

and ) is called Coulomb logarithm,

A =

{23.4 - 1.15 %, n +3.45 &, Te for Tg< 50 ev.
(1-4)

25.3 - 1.15 4pn n + 2.3 24 T, for T, > 50 ev.
As soon as we have decided the wavg—frequency of our interest, the
v/w can be calculated, thus the mathematical model for a particular problem
can be followed. The details of this mathematical model are presented in
the next section.

I1-2 Governing Equations

During the present study, we have been interested in the propagation
of ULF, ELF, and VLF waves in the magnetosphere. Their frequency ranges are
3 %x 107 Hz - 3 Hz, 3 Hz - 3 KHz and 3 K Hz - 30 K Hz, respectively.
Most ULF waves can be identified as Pc 1, Pc 3, Pc 4, Pe 5.(quiet time
transverse); Pc 4, 5 (quiet time compressional); Pi 1 and Pi 2 (substorm
compressional); Pc 1 (storm transverse); Pc 4, 5 (storm compressional).

For this case, we can idealize the problem by treating the electrons as a



fiuid (collision—domiﬁated cagse) and assume-that the ions are adequately
described by the Boltzmann equation that neglects ion-ion, but not ion-
electron collision. The validity of this idealization has been Qiscussed
by Hung, Wu and Smith [5]. Also, we have considered that the plasma and
magnetic fields are uniform, on the average, throughout an effectively
infinite volume, and there is no average electric current, and the
average electron pressure tensor is isotropic, but the ion préssure
tensor is not. Let n, v, T, p. q and T denote number demsity, velocity,
temperature, pressure, heat flux, and viscous stresé tensor, respectively.
The superscripts and subscripts i and e denote electrons and ions. The
other symbols are: E, the electric field; §, the magnetic field; e, the

~

ion charge; m j the ion or electron mass; and c, the speed of light. Then,
B i ‘ g
e .

the fluid equations for the electroms can be written as follows: [1]

on
L O - (2-1)
ot - ~ 7
dv ) )
mg ng —& = -~ YPe- Vem® - en, (E + cvox B) + R, (2-2)
dt ® - ~ -
3 dTe e e e e
2% dgr TP ¥yt =-Vrg® -y - (2-3)
The kinetic equation for the ion velocity distribution fi iz
of. af;
i . e 1 « et
8t+y V’fl+m,i (§+Cvx§) v
(2-4)
me Te afi 1 . afi
= 30" (vE, + — ) - Ry = —
m;T, 9V my 3dv my ny ov



where

Po=nT, P Il =nrT1, Il |, ' (2-5a)
e e e i i*d : : -
d J ' :
—_—— = —_— 4 . -
dt ot Ee E ’ (2-5b)
and To is the electron collision time, and Ee = égi is the‘coilisional

momentunm transfer from ions to electrons. R is composed of a friectional

force Bu and a thermal force gT, in which

R = R +R_. ' (2-6)

The electron thermal flux e is composed of analogous parts,

) u T . . -
qe = Se + qe, it can be shown from the velocity moments. Finally, of course,

the electromagnetic fields must satisfy Maxwell's equation

Y * E= Aﬂe(ni—ne
JE
A 1=
Y xB = 7;'5 + ¢ at
VxE+===0
-~ ~ c gt
V B=20

These equations are in Gaussian units.



CHAPTER III

METHOD OF SOLUTION

I1I-1 General Procedure

In this section, we shall outline a general pfocedure to obtain a
solution for this set of governing equations, (2-1) through (2-7). Due to
the complexity of mathematics in nature, it is formidable to obtain an
analytical solution from this system. However, the physical characteristics
of this present problem process a wide range of variety. Before we obtain
a complete solution, it is still necessary to atfract some important
physics from this complex system, such as the hydromagnetic instabilities,
dissipation rate, etc. Thereforé, we shall proceed to examine those meaning-
ful paramét ers. |

As discussed in Ref. (5}, the time scale of interest in the present
'theory of transitional model is that eiectrons'are inltransition from
collisional to collisionless and ions are in collisioniess. Aséuming that
ion and electron temperatures are in the same order of magnitude, it was
found that the lons become collision-dominated when the wave period
1/w _2_(mi/me)”"2 T4 {(where w, m, and T denote wave frequency, mass, and
ion collision time, respectively); and electrons become collision-free when
1/w _g(me/mil)ll2 Tar In the present theoretical model, thg electron equation
breaks down when 1/w < Te (where electron—electron collisions become
insignificant); and the ion equations are invalid when 1/w ?_>_(mi/me)}/2 T,
(where ion-ion collisions play a significant role). Therefore, the present

theoretical model is applicable only for the time scale (or wave period)

1
LR A T, (3-1)



As it stands, Egs. (2-1) - (2-3) show the governing equatioﬁs
of electrons, and Eq. (2=4) is the governing equation of ioms. Eq. (2-2)
includes the_colliéional momentum transfer from ions to electromns, and
we have ignored collisional energy transfer ions té electrons ianq. (2-3).
Thié is because the collisional ion-electron energy exchange,rwhose
characteristic time is on the order of or greater than (mi/me)llz-ri
which is greater than the time scale of present interest.
has been meglected. The right-hand~side of Eq. (2-4) shows the ion-electron
collision term which is of the same form as the Fokker-Planck collisianal
term that describes random motion of particles in a moving medium with
temperature T;‘. The first-tefm of the collision terms describes the
collisional energy transfer from electrons to ions, and the second term
implies the collisibnal momentum transfer from electrons to jions. Again
we are going to neglect collisional energy transfer term because the time
scale of the collisional energy transfer which affects the evolution of
distribution function is on the order of or greater than Te{mi/mg) or
Ti(mi/me)I/Z that is long compared with the timescale of current problem
of interest,

In the present analysis, we are concerned with waves whose
circular frequency w is small compared with the ion gyrofrequency, and whose
wavelengths are long compared with the mean ion Larmor radius. Under such
circumstances, the momentum transfer due to colligions can be fepresented by

Re = 0,71 l'l.e E” Te ' (3"2)

*Here the unit of T is the erg.



~where the subseripts H,_l refer to the magnetic field direction'ez==B/]B|.

$imilarly, the electron heat flux is

Qe = ~ Ke ,v,l” Te (3-3)
where K, is the coefficient of electron heat conducti#ity. Furthermore,

the stress tensor after Braginskii [1] is

1€ = -n®+ w® (3-4)

a2 e e .
we - 25, T (3-5)
of g dx,y 3 OB 3x,,

and N, is the tensor coefficient of electron viscosity, which is the

¥ I .
function of Qe and 1o and subscripts o and B represent the coordinates.
Under the present condition i} T, >> 1, the stress tensor T€ has the

following form in a coordinate system with z-axis paraliel to the magnetic

field

ave ave  ove 3Ve)]
e . _oe z _ 1 x y z -
sz 2'lvo [Bz 3 ( ax + Iy * 0z (3-6)

xy ~ ¥yX Xz zX vz

10



where the zeroth-order coefficient of electron viscosity is

NS = 0.73n, T, T

VO e (3-8

e
For the convenience, we shall seek solutions for electrons and
ions separately. The details for these manipulations will be presented

as follows:

(i) Electron Dynamics

In order to solve the fluid-like electron equations, we assume

-—T_| <T> + 8T (x, t)
n <n> + &n (f’ t)
P <P> + 6P (x, t)
- (3-9)
B <§> + 6B (x, )
E SE (x, ©)
v® 6 ¥ (x, )
L. —— L —d

where < > denotes, ensemble averaging. We consider the limit of small
amplitudes fluctuations, !Gn.[<n>| << 1, ete. If the fluctuations are
sinusoidal, i.e., proportional to exp [i (k- x - wt)]] where 1 = /ff,
Eqs. (2-1 through 2-3) become after linearization and neglecting

terms of order me/mi

- e e
w dn, = <ng> (%L ﬁvx + k|| 6v_), (3-10)

11



. 1 2 e 2 ) i
. e = £ e
1(5Pe k) + Nyo (3 El va -3 %L kll sz + e <ng> 6EX
(3-11)

+m <n> QR 8v = 0,
e e e

edE - me Qe &vC =0 . ' (3-12)
y X . ‘ )

. e (2 2 e 1 e
l(SPe kll <+ vao (3 k|| GVZ - 3 kl k|| (SVX) + e‘ <ne> (SEn

(3-13)
+ 0.71 i <n_> k, , 4T = 0,
R
3 L2 '
<PE> E‘ 6Ee = (5 w <ne> + i k|| Ke) 0T - (3-14)

Here, without loss of generality we have assumed k = (k. , O, kj|). Combining

Egs. (3-10) and (3-14), we have the following relation for pressure and

number density

8Py = T <T> 6 n, = - (3-15)
2 .
P = 14 ———— (3-16)
e
14214 Mg i
2
TC & <ng> ,

To investigate the physical significance of Eq. (3-16), let us

examine the parameter I in the following way:

r = % while K_-0 (3-18a)
r =1 while Ke+ oo - (3-18b)

12



This means that in the two extreme cases of zero and infinite thermal

conduction, the electrons fluctuate adiabatically and isothermally,

respectively.

The veloeity fluctuation of electrons can be easily found in terms

. of § E by using Eqs. (3-~10) and

e
va

Ge
Vy

l_GviJ

[ o

0

b

-1 -

o | [ér,

Myz SEy

Me SE

where the components of the mobility tensor are

M
vz

|

-M*

yx

2 .2
k a, ;V

Zwﬂe

21w Qg

=1’

2(3T, + 12z.)

s
o

(1,71 T =-0.71) a’k?
1] e

-4

k

6icg
-

=

k

|

] (3Pe + 218
|

)

where o = 3 (1.71 T, - 0.71) - AiQV, and

Ly (W) =

<P >
Pe

].

{3-15) in Eqs. (3-11} through (3-13)

(3-19)

(3-20)



is in general a complex function of w, and a, = (2 <Te>/me)l/2 is the
electron thermal speed. From Egs. (3-20), (3~18a, b) and Braginskii's

expression for Ke’ it follows that

m, Be
e % 216 G GE L (3-21)

= <p> < B2 = ¥ - Zn> 1/2
vhere 8 = 87 <n> <T >/<B>?, u m/|kH[cA, and C, = <B>/(4m, <n>)
Alfvén velocity. In deriving Eq. (3-19) we have exploited the fact that
|/ ] < < 1.

e

(ii) Ion Dynamics

Next, we consider the ion kinetic equation, with the object of
finding an expression analogous to Eq. (3-19), for ions. The first term
on the right hand side of Eq. (2-4) affects the evolution of the velocity
distribution on the time scale 1 m./m -~ T. (m./m )1/2 which is long

e 1 e i i e
compared with time scales of importance for the wave, and may therefore-
be neglected. As we pointed out earlier, the frictional force is also

negligible., Hence, from Eq. (3-2), the right hand side of Eq. (2-4) is

just
of 3¢
1 i 0.71 9%y i
YR B e U R R (3-22)
1 1 ~r 1 ~

Linearizing Equation (2-4), we obtain

a<f. >
(v x <B)r —— =0, (3-23)

m~

whose solution is

<fi> = fo (v||, fl) (3-24)

where f0 is arbitrary, and

14



3 a d
[~— + (v -+ = C (v x <B>) 3;;] 6fi

at i
o <t
[ J——— —_— L] 1
- mi (6E+CYXG§) BV” (3-25)
071 <ty
17Tk O 5y
1 =
Finally, the Faraday's law becomes
" S
= 6B = k x SE. (3-26)

Now, we have reduced the governing equation to a workable form (i;e.,'
Eq. (3-10) through (3-26)). In the following section, we shall describe

the procedures to obtain a dispersion relation from this set of equations.

ITI-2 Derivation of Dispersion Relations

Eq. (3-10) through (3-26) permits us to write GE and 3T, as liﬁear
comﬁinations of the fluctuating electric field components. The Eq.-(3—25)
can be solved by standard techniques [ ] for giving an ion mobility tensor
analogous to the electron mobility temsor of Eq. (3-19). However, it is
simpler to exploit the fact that Eq. (3-25) is equivalent ﬁo the
.linearized Vlasov equation with 5§ replaced by GE + i (0.71fe) k” GTe e -
Hence, if ﬁTe-is expressed in terms of GE, we may easily find the ion

mobility tensor from Vlasov mobility tensor.

' From Equations (2-14) and (2-18) we have

(Fe - 1) <Te>

— c L] L]
6Te N ! W <B> k (ge) SE

By using the expression from (A-23) we can show

15



SRR

5 .2
k ae kj_
-1 i e Dl TDZ 6Ey
e 1
k_]_ Q.
° B TRRE B Y B
I} e ||
QemD 6Ex
= {0, -i DCvk_L, iazk GEY
e || GEZ
where
o1, 3T, + 12
1 2 o
0. 31“E+12§V
2 o
ié6
D, =1+ ~
3 o
i4¢g
_ v
D4_1+ ~
and
D 6

r  eGE (3-27)

16



Making use of Equations (3-9), (3-24) and (3-27), we rewrite

Equation (3-25)

. 3
-[-iw+15 X.+Q1‘_ (ngz) o

-~

] Gfi

2
e 1 <ty 1% o<t >
= _-“—1; (5§+—C-gx.61~3)o o - A cSEZ- wﬁe . CVGEY |
, 13-28)

where A Z 3(Fe—1)/a. The coordinate system is chosen such that k = (FL,O,RH)'
and v = (fl cosy, il siny, v||). Then Eq. {3-28) is an ordinary differential

equation in v,

ddf,
i

i . :
i -ﬁz (kH Vl] - iw + EL Yl cos ) 6fi

' SE
e X,
-<f.,> =— |v,costt—— + v, sinp (14—A
iy 1 <Tj“_> 1

e, (3-29)
e

, .

k_“(”&e )(SE .

—— '——¥-
v

<T*s

8E

+ vy (1 =R
/1 al >

The formal solution of the ion kinetic equation (3-29) can be solved in

terms of Green's function, i.e.,

’ 2
. ¥ 8E_ K12 o,
§f, =~ == v, cosP —= 4+ v sin{ [1+A z -
T Qi 5' l. <Ti? l. wﬂe v <Ti?
' (3-30)
SE '
+'v’](1—A) = <E> G W) Ay

i

<T‘|>
where the Green's function satisfies the particle path along the non-
perturbed orbit, namely

G(Y; ¢¥') = exp {%‘ [-w Gp ~ W) + kl_vi-(sinib— siny')
i .
(3-31)

+ k‘l V|| @ - w')]z

17



By using the relations

1 - o In (A)
cos y]  exp (-iAsiny) = Z: 7:- In (A) lexp (-im) C(3-32)
sin ¢ =—00 i Jn'(A)

Equations {3-30) and (3-31) give.

® i exp {i (k_J_ v_[_/Q.) sin ) - ny ]}
:E:: i :
Sf_ T —
. k v - w+ni,

— NI o
2 k; kya®

2 02 20, 1 e
1 C . i T i

x —-—j:—-—' nJ z'ﬁ-;SEx+1 1 V_LJn 1+A—U}ST—"—C (3-33)
(‘Tzki n (ap)? | e v

28, '
c L [V
X <'.B'> GEY + ""“"i—iz"' V| IJn (1 - A)<B> 6EZ <fi>
@)

where J =J (k, v,/0.) and J' are the Reggsel functions of the first kind
n n | _l i n

and order n, and its first derivative.
Maxwell's equation gives the relation between electrie current

density j and dielectric tensor 5, i.e.,

~

;- 1w - .
I = 4 @L-K +35E ) (3-34)

where the current density and dielectric tensor are

j=1Ie, 5 v £, dv j=eand 1 {3-35)
and
4ri e
—— <n> - -—
~ w <B> esn (Ei Ee) + i (3-36)

18



respectively. Here M, is mobility tensor which satisfies the relation

o c ' -
6}53 PN E;I + 8E - (3=37)

where ng is defined

§v. EJ"V f.dv/jf.dv : (3-38)

N ~ )~ I~ : L

It is clear that in order to obtain dielectric tensor, we have

to calculate the current density from distribution function. 1In the

present stage, we have to calculate ion current density which follows

the formula

{ = = <> -39
J«,:L eJ‘YfidY e <n 5‘\:1 - (3-39)

Substituting Eqs. (3-24) and (3-33) we have

n&= =0
Gv; 0 - o Vl |
- d | J
oy o ol)s zszi 20, '
sexp |= (kyv|sinP-n ¢ E |——=——nJ | + &E J -
[Qi 1L * ] @ y] 5. Ln
: J_ _L _ (a_[_)
kiky a2 :
1412 o | v
« 14+A —-—-'mﬁ-—-—-— CV + Ez 12 V,[ | Jn (l-ﬁ) exp |- T3
e {ay) (am)
i i
2
i
- (3-40)

(alil)2

By using the relations

19



1 *1(z sin x - nx) -+
o e dx an(z)
o]
2w
1 ‘ +1i(z sin x - nx) _.n B
o j cos x e dx—tz Jn(z) (3-41)
o}
27
1 ... *if(z sin x - nx) i
o sin x e dx J_Jn (z)
0

Equation (3-40) becomes

- - o .
& i nQi
Ix on & * P < kﬁl n
(SJ = -1 iz <§> E dV_LVl dV[ 1 -3 ‘Jr‘l .
Y (“)1/23| I (a_L)
n= —oo
651 0 o | 7
L - =
2
20} 20 . Kk )% 20,
. (aj:)‘? k-L an, (aj-_)z Jn 1+A —w—Q-;— Cv . ‘(_a—]i:i? VI IJn(l-A) .
. , ‘6Ex
R ]
. (kl |V| I - W+ nﬂi) 2xp 1 - --i-—?- - -—-—T- 2 [SE (3-42)
(a_l_) (&[ |) 4
5}32

Under the hydromagnetic assumption, the wave frequency w and bounce
frequency kH VH of typical particles (dons in this case) are well below
the ion cyclotron harmonic frequencies, i.e.,

k v - w
1 (3-43)

Sl
ey

20



Let us expand the summation of ion cyclotron resomnance denominators in

Eq. {3-42) into the following forms
oc

n2, + ky| v - ®
i o

n= -

5 “y (6 ) I
" Tv, = T 2 : —m \L T B R ASakatd
T i i
n=—m .
where
h'SI when § =0
6110 -

lO when & #0

By using the following relations

(1-6_1
E:nﬁ=§:——-——m’ J2
Tt n n
n= —-w ns =~ :
0
=§:nJJ' =0 (3-45)
nn
n=_m .
[e.o]
E J? =1
n
n::-UU J

we have the following expansions

21
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Let us introduce the plasma dispersion function 2(J) which is defined

(7]

2
X
L j. Soax = 2@ (3-48)

In our case, the following relations in terms of plasma dispersion functions

are most useful

= ~Vfi/e]
_.J:._ e dv.: Z____.LU_)
R TR T (ku ||
2 2
P V”e-VH/aH
L dv = _ 1 a Z'
S TR T L

23



8

Vz e wa
L Ml
S Vll - w/kll vl‘ - 2 k,'

i
- Vlste"n’aﬂ
L dv ) = ;-a -1 a —_—
_vz /az
e

8

and . K
[l

(i) = [Z'(‘?lfau)”]

Then we can include contour of integration into the plasma dispersion

function which makes Eq. (3-47) become
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By using the following integrations
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- where the mobility tensor with anisotropic ions are
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v; = w/(|k|[|al|), and Zi = Z(yi) and Z; are the plasma dispersion
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function and its first derivative (Fried and Conte 1961). In deriving

' 1
Eq. (3-53) we have neglected the terms proportional to A Cv Zi because

: . me <Ti> 7 . '
he, 2 i@(i.r ?T“) - . (9754
i e &
For the limit of hydromagnetic waves, the displacément current -

is always negligible. Then the electric current density may be written

as
iw - ' ' .
where the dielectric tensor
cs AL oo o, -n) | (3-56)
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{equation continued)
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The requirement that Eq. (3-55) be consistent with Maxwell's

equations gives the dispersion relation

2
det [(i) (kK k-k 1)+ rc] = 0 (3-58)
Substituting Eq. (3-57) in Eq. (3-58) gives
2 2.2

k kic

© H k2c2 _I_ 0
¥ - v - K - ~-K K = 0 (3-59)
XX W ¥y w? 2z 02 yz zy

Eq. (3-59) is given at the lowest order in m/Qi. The first factor in

Eq. (3-59} is the usual Alfvén wave dispersion relation
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w 1 i i
(kH CA =1 +-E (B_[_ - BH) . (3-60)

and the second factor, which gives the magneto-acoustic dispersion relation,
is

K K« - K K = 0 (3-61)
yy 2 ZZ ZY VI

since k| > > |kefu|?.
zz
By using Eq. (3-57), we can rearrange Eq. (3-60) by straightforward

calculation to give
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and u = w/‘([kH{CA). _ (3-69)

We notice thaf-if dispersion relation (3-62) is satisfied for a
wave (w, k), it is also satisfied for a wave propagating in the opposite
direction, i.e., for the waves (w, -5) and (%, E). This is so first,
because (3-62) is invariant to the transformation (w, 5) > (w. fg) and
secondly, because the transformation (w, k) >{-w*, E) causes - _n*

Cv > - Ci, Fe -+ FZ‘, Z; - Z}*, u? > (u*)z’ so that Eq. (3-62) is
transformed inte complex conjugate. Hence, in particular, we may always

choose Re n > 0 and Recv_>_0.

TC —

Note the superscript * indicates the complex conjugate.’
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CHAPTER IV

MAGNETOSPHERIC HYDROMAGNETIC INSTABILITIES

TV=1 " Introduction

Observations from Explorer 12, 14, and 15 indicate a large amount
of proton precipitatiqn in the magnetoéphere with energies 100 KeV to
10 MeV [7]. 1In the meanwhile, data from Explorer 12 confirms a large
flux of trapped protons in the energy range 100 KeV to 4.5 MeV with
peak intensity near geomagnetic shell L -~ 3.5 [8]. By using the
parameter at L = 3.5 (intensity of geomagnetic field ~ 10~2 gauss, proton

?, emergy of protons ~200 KeV), the ratio of

number density ~20 cm™
plasma pressure to magnetic pressure B becomes to the order of umity.
Therefore, it is interesting to investigate the emission of hydro-
magnetic waves due to possible plasma instabilities, the dissipation
of hydromagnetic waves and how it may correlate to the modification
of heating mechanism as P approaches unity in the magnetosphere.
Experimentally, several authors, [9], [10}, have observed that
hydromagnetic waves in the frequency range of Pc-1 pulsations can

be generated by proton beams traveling faster than the Alfven velocity,

if the beam has a certain anisotrepy in pitch angle. This implies that

a, 2 2T . /m, 7
(f) = i1 = B, (4-1a)
A ledﬂmin

where ay is the proton thermal velocity; C the Alfvén velocity; and

A’
n; the total number density. Jacobs [11l] estimates the hydromagnetic

wave with experimentally observed characteristics can be generated at

geomagnetic shell L ~ 4.0 by protons with energies 200 to SOQ KeV. As
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we have mentioned earlier, the observations based on Explorer 12, 14
and 15 confirm thg estimation.' The hydromagnetic waves can also be
generated at L = 5-7 by protons with lower energies (several tens of
KeV). At L =23.5and L =7.0 ﬁhe proton gyrofrequency, Qi, is 96
and 8.6 Hz, respectively. As has been discussed by Hﬁnt, Wu énd
Smith [5}, the time scale of interest for the study of hydromagnetic
waves is chosen to be 0.2 to 10 seconds. By using this time scale,
the ratio of hydromagnetic wave frequency to the proton gyrofrequency,
m/ﬂi, is much less than unity at L < 5, and on the order of or greater
than unity at L > 5. In the present study, we limit ourselves to
investigating the hydromagnetic instabilities which could be relevant
to the emission of hydromagnetic waves in the magnetosphere at a
distance L < 5, while ion cyeclotron instabilityléould be responsihle
for the emission of waves in the periods of 0.2 to 10 seconds at
a distance L > 5. The model of ion eyclotron instability in the
magnetosphere has been investigated by Cornwall [9], Feygin and
Yakimenks [12] and Genﬁrin,et.al. [13].

| As has been mentioned in Ref. [3], the propagation ¢f hydromagnetic
waves is modified by transport phenomena due to Coulomb collisions.
Collisional effects can vary from region to region in the plasma of
.interest. At L = 3.5 the electron collision time is on the order of a
second, while the ion collision time is on the order-of a minute in
the magnetosphere. Thus, for wave pericds of 0.2 to 10 seconds, magneto-
spheric electrons are in a transitional regime between collisional and

collisionless conditions while icns are in a collisionless regime.
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IV-2 Criteria for Mirror and Fire-Hose Instabilities

qut of the knbwn plasma instabilities, which are thermal over-
stability, are a kind in which w is the complex rather.;hanlpure |
imaginary [14)}. The non-occurrence of overstable solutiéns hés been
studied by Vedenov and Segdeev [15], Chandrasekhar, et al. [16], and
Barnes [17] fof the case of coliisionless plasma. The significance
of the nonexistance of overstable solution is simply that the con-
dition of marginal stability for the plasma is given by the disperéion
relation with w=0. This conclusion remains valid for the case of
collisional electrons and collisionless ions.

Let us rewrite dispersion relation, Eq. (3—62),iﬁ the following

form:

1 1 41 2 2
D = = - -
(u, 8, mre) [1:%2 (?L B”) u ] cos e |
(4-1)
- S(u, wr) gin?6
Assume that U and 8, or u and g are an overstable solution of Eq. (4-1).

Then

®hH* | o
= - sin?® 5 T Im [z'] —-2£Re I:?; (l-{- ____Q_)}
di
Iy T
BST‘ 5 Fz'+2fe Ot-“i'— + Z2a
e B B
RGN PR AL L\e))
4 o BT z' - 28T
L e o1 |
(4-2)
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with =z,
i

first derivative [18] respectively.

with

Now

where

so that

z(yi), and zi being the plasma dispersion function and its

[

i T A
I 1 ay,

Sgn [Im (zi)] = - Sgn (u),
sgn [£,] = Sgn M.l = Sen (W),

sgn [x] = x/|x]

Sgn [Im D(ﬁ,é,&')‘re)] = sin® 6 L

i\? -
81 2 ,
+ B8 T2 | = v Im Z.
e e gi i i

g Sgn ()

The Y; is given by

(4-3)

Hence, if sin 8 # 0, Iw (D) cannot vanish unless [ = 0, so that Eqg. (3-62)

has no overstable scolution unless sin 8=0.

relation reduces to Eq. (3-60),
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The nonexistance of overstable solutions recovers the familiar
fire-hose and mirror instabilities for collisional electrons (isotropic
pressure tensor).and collisionless ions (anisotropic pressuré tensor).
The criteria of the instabilities in the presént case can be éxpressad

as follows:

" ! 2 | (4-4)
—— < -
L
- 1\
dl
L ) l-——
| B i BEBH BH < 0 (4-5)
1 + 1——Bi Bl_'+ 2 B+Bi
| _ e ||

.Equation (4-4) is the Alfven fire-hose instability to which Equation {3-60)
is relevant, and Equation (4-53) is the magneto-acoustic fire-hose

‘instability to which Equation(3—62) is relgvant. In both cases; there is
an angle 04 at which the stability is marginal. For the magneto-acoustiec

fire-hose instability unstable waves propagate at angles 0 such that

0<8<8, or 7 -0,<6<Tm, (4-6)
and for the mirror instability unstable waves propagate at angles © such

that

8 <8 <5 or 7<B<T - B (4=7)

The equation for 0, is just D (0, €5, 0) = 0, which may be rewritten as
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2 gt B +8

| e "l

(4-8)
This angle B, is real only if one of the instability criteria (4-4) and

(4-5) holds.

IV-3 Instabilities Under the Magnetospheric Conditions

Numerical analysis of the dispersion relation (3-62), which is
relevant to the propagation of hydromagnetic waves, has been analyzed
under ionospheric conditions by Hung, Wu and Smith [5]. In the present
study, we limit ourselves to the investigation of hydromagnetic
instabilities which could be relevant to the possible magnetospheric
disturbances.

For the plasma with anisotropic ions, <rd > # <?1?; we have
ghown that the mirror and/or firehose instabilities might occur based
on the insfaﬁility criteria (4.4) énd (4.5). The fprmér is the Alfvén

firehose instability in which the triggering mechanism is

1 1
B” > B.L s (4-7)
and the latter is the magneto-acoustic firehose instability in which the

setting up mechanism is

(b= 8)%

*In order to satisfy the criteria (45), the second term of the equation shall
be negative. Since the square-brackert is always positive, we have tomake semi-
circular bracket to be negative,
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provided that Bi is on the order of unity for both cases. In other words,
the instability criteria shown in (4-4) and (4-5) indicates that for the
cése with cold electréns anﬂ hot jons, which is typical-in the magneté-
sphere, the instabilities can be triggered for anisotropic particle
distributions when ecither BT| > ?I or ?i > BT| provided that a strong
diamagnetic effect for ions (indicating Bi“i) exists.

The energetic particle velocity distribﬁtion in the magnetosphere
is, in general, anisotropiec. This anisotropy may be caused, for example,
by charged particle trapped within the magnetic mirrors. The mean energﬁ
of movement of the charged particles which remain in the trap across the
lines of force of the geomagnetic field should be higher than the mean
energy of particle movement along these lines. The experimental data [19]
indicates that such an anisotropy of proton velocity distribution in the
magnetosphere does exist. The observations made by Explorer 26 [20] also
show that gi/BTI ~ 2 and Bi'*l in the magnetosphere. These observations
show that the magnetoacoustic firehose or mirror ingtability is one of the
candidates for triggering hydromagnetic waves.

On the other hand, the Alfven firehose instability shown in (4-4)
also is a strong candidate for exciting hydromagnetic waves. This is
because the dynamics of energetic ions overwhelms the cold eleetroms,
and ‘the ions are so nearly collision-free that the ion dynamics are mainly
governed by Landau damping in which the wave-particle resonant interaction
changes only the logitudinal component of the particle energy while
Vleaving the transverse component unchanged [21]. 1In other words, BT{
is always greater than ?i under ifon Landau damping conditions when the
interaction starts with BT,«-?I. This means rhat the Alfven firehose

instability must be considered in the present study.
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The triggering of hydromagnetic waves in the magnetosphere depends
on two conditions, i.e., (1) strong diamagnetic effect Biﬂal, and (2)
anisotropic properties, eithér gi > BTI or BTI > ?1. Théﬂlatter con-
dition can be easily satisfied through either the magnetic mirror effect
or jon Landau damping. This means that the key point for triggering
hydromagnetic waves depends strictly on satisfying the strong diamagnetic.
effect condition, i.e., Bi shall be on the order of unity. Physicaliy,
this means that in order to trigger hydromagnetic waves, rhe pressure
of the energetic particles in the mégnetosphere shall be at least on the
order of the local geomagnetic pressure.

It is interesting to compare our proposed triggering mechanism
with recent hydromagnetic waves obse;vations. Triotskaya and Gullelmi [22]
and Jacobs [11] indicate that the p;opagation of hydromagnetic waves
become active 1-2 hours before, and 4-7 days after a geomagnetic storm.
In the meaﬁwhile, more than 50% of hydromagnetic waves are observed when
the geomagnetic index Kp is less tham 2. To correlate these observation
facts in terms of our model, let us recall the inter-relation between
geomagnetic storms and solar wind disturbances. It is known that the
magnetosphere transforms the energy carried away by the disturbed solar
plasma from the sun into the energy of geomagnetic storms [23]. When
the enhanced solar wind interacts with the magnetosphere, the plasma
pressure of the energetic particles in the magnetosphere increases
dramatically in order to balance the impact from the disturbed solar wind,
and then the magnetosphere converts the momentur and energy from thé
enhanced solar wind into geomagnetic storms. In other words, the plasma
pressure is on the order of or greater than the geomagnetic pressure when

the enhanced solar wind interacts with the magnetosphere, and the plasma
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pressure becomes smaller than the geomagnetic pressure when the geo-
magngtic storm develops. The most significant reasons to explain why

B 1s decreasing in the period of geomagnetic storms are as follows:

(1) the amﬁlitudeIOE geomagnetic disturbances increase drastiecally,
and (2} the observations show that the number density of plasma particles
'~ decrease dramatically im the magnetosphere [24], [25],'[26]. After the
- geomagnetic storms, observations also indicate that a recovery from a
storm time depletion of magnetospheric concentration takes 4-7 days

[26]. In the meanwhile, during these recovering periods, the storm energy
is gradually transformed into Landau damping which heats up the ion
particles. This dissipation of storm energy into particle energy and the
balancing of the plasma pressure and the magnetic pressure could take
several days. Tﬁis explains why the observed activity of hydromagnetic
waves increase 1-2 hours before, and 4~7 days after a geomagnetic storm.
Furthermore, the K_ index is a measure of geomagnetic conditions. This
means that the gecomagnetic pressure is greater than thé plasma pressure
(B < 1) when the Kp index is high; thug, most of the hydromagnetic waves
are observed when the KP index is low.

The attenuation rate of hydromagnetic waves propagating in the

magnetesphere and ionosphere has been calculateﬁ numerically based on

the dispersion relation (3-62). To match the conditions in magnetosphere
and ionosphere, Bis chosen from the order of unmlty to the order §f 107",
Thus, the dissipation rate of hydromagnetic waves in ionosphere is 10-°
{with Bi = 1d’“),Iand jumps to 10~ (with Bi==1) in the magnetosphere |
(see Figure 1). During the periods of higher solar activity with large
amounts of precipitated energetic particles, Bi in the ionoaphere could

increase to 10-® which makes the dissipation rate of hydromagnetic waves:
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become 10~*. 1In such a case, the ionospheric heating rate through the
damp;ng of waves is on the order of 10f7erg—cm‘2—sec‘1 which is less

than one percent of the heating rate éue to the incident flux of‘extreme
ult:aviolet'(EUV) solar radiation, since the amplitude of the hydro-
magnetic waves in the ionosphere is only on the order of 1 gamma. Con—
sequentl&, we have to conclude that the dissipation of ﬁydromagnetic
waves in insufficient to modify the_heating of "lonosphere even during

an active solar cycle with large amounts of precipitated emergetic parti-
cles.'.These results agree with recent observations made by Sorenson [27].

On the other hand, the plasma pressure becomes oﬁ the order of
magnetic pressure in.the magnetosphere.. This makes Landau damping of
hydromagnetic waves increase drastically. Our result shows that the
dissipation of hydromagnetic waves with amplitudes of 10 gamma, which
contributes to the magnetospheric heating rate through the wave damping,
to be on the order of 10™* to 10~° erg-ém‘z—sec'1 which is on the same
order as the heating due to EUV solar radiation. Hencé, we may con-
cludé thaflthe dissipation of hydromagnetic waves could ccntributg to
the magnetospheric heating but not to the lonospheric heating.

In conclusion, we propose that the Alfven firehose and magneto-
aécustic firehose instabilities could be relevant to the emission of
hydromagnetic waves in the magnetosphére at locations at a'distance of
_ L < 5.‘ Our justification is that for a distance of‘L < 5 the wave
frequency of hydromagnetic waves is much less than the proton gyro-
frequency (for L>5, wave frequency is on the order of or greater than
proton gyrofrequency) and should be mostly governed by hydromagnetic

instabilities.
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-CHAPTER V

CONCLUSIONS AND RECOMMENDATIONS

This study suggests that a theoretical model be used to investigate
the dynamical characteristics of the wave-particle interaction in space -
plasma. The formalism of this model is based on the Boltzmann kinetic

-equation., More specifically, the present model dealt only with the
medium which is in a translational region (i.e., from collisional to
collisionleés regions), namely, the electron equation can be represented
by fluid equation and ion equation governed by Boltzmann equationm. The-
criteria for the validity of this approach is based on the ratic of wave
frequency and collision frequency. A detailed account of this discussion
is included in Chabter I1. |

This theoretical model has bgen applied to study the hydromagnetic
instabilities in the magnetosphere, in which the instability criteria for
hydromagnetic wave is established in the transitional region of the
magnetosphere.

Possible mechanisms fﬁr the firehose instabilities based on magneto-
spheric conditions for both quiet and disturbed cases are discussed. It
ig found that the B can be reached to the order of unity in the magneto-
sphere, then the dissipation rate of hydromagnetic waves jumps to 102,

This gives a magnetospheric heating rate through the damping of hydromagnetic
waves with amplitude of 10 gamma to be on the order between 10~% and 10-° |

erg-cm -gec !

» Which is on the same order of EUV solar radiation. Hence,
we may conclude that the dissipation of hydromagnetic waves can contribute

to the magnetospheric heating.
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Further applications of this model will be on the numerical studies
-of warious solutions corresponding to those magnetospherie observations,

and to investigate the region of walidity of the present theoretical model.
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FIGURE CAPTION

Figure 1 Dumping rate of hydromagnetic wave for B; = 1.0 (magneto-
sphere and B3 = 10~ (ionosphere) at wTp (the ratio of
collision time to wave period) = 0.5 with <Tj> = <Tg>.
This damping rate plotted is based on the numerical results
of dispersion relation (2-7).
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